Abstract-We present a critical account of intense pulsed-laser field induced refractive index changes caused by flow, crystalline axis reorientation and distortion and other high order photonic processes in transparent liquid crystals. In particular, the optical nonlinearity associated with Maxwell Stress induced flow-reorientation in nematic liquid crystals is explicitly calculated, and their possibility for all-optical switching application is experimentally demonstrated. Similar flows processes have also been observed in Blue-Phase liquid crystals with nanosecond and picosecond pulsed-lasers.
INTRODUCTION

Maxwell equations and the constitutive equations for the material response
are ubiquitous in all fundamental and applied studies of optical material and device physics. Perhaps the most frequently studied material response is the polarizations P(r; t) induced by an optical electric field E(r; t). In general, one could separate P into a linear and a nonlinear term of the form [2] [3] [4] : (1) : E P NL = ε o χ (2) : EE + ε o χ (3) : EEE + . . .
Here χ (1) , χ (2) , χ (3) are the respective linear, second and third order susceptibility tensors characterizing the response of the medium to the electric field. The linear term P L gives rise to the complex refractive index that describes various dispersion, modes and propagation characteristics, whereas P NL contains higher-order dependence on the electric field. In centro symmetric materials such as liquid crystals [2] , the first non-vanishing term is the 3rd order nonlinear polarization term P (3) = ε o χ (3) : EEE. In general, since the material possesses a multitude of resonance frequencies ω i 's, while the incident electric field could carry many temporal and spatial frequency components k and ω's, the third order polarization P (3) gives rise to a rich variety of phenomena due to wave mixing processes. Among the various nonlinear optical wave mixing processes possible with P (3) are those arising from a term of the form P (3) = ε o χ (3) |E| 2 E(ω). In analogy to the first order linear term, this is equivalent to having an electric field induced dielectric constant change Δε = ε o χ (3) |E| 2 or equivalently a refractive index change Δn ∼ |E| 2 . In nonlinear optical studies, the refractive index change is usually expressed in the form Δn = n 2 I, where I[I = (1/2η)|E| 2 with η the impedance] is the intensity of the laser and n 2 is the Kerr constant but is more often called the nonlinear index coefficient or optical nonlinearity. It is important to note here that what is conventionally known as electro-optics where an applied low frequency electric field is used to produce index change in a material so as to modulate its optical properties also falls under this category of third order nonlinearity.
Liquid crystals are arguably the most nonlinear and electro-optics active materials owing to their unique physical properties and extreme sensitivities to external fields [2] [3] [4] [5] [6] . Generally we can classify the mechanisms for index change in liquid crystals into two distinct types: (i) those originating from individual molecules, and (ii) collective crystalline responses. Individual molecular electronic responses of liquid crystals are similar to other organic materials, and come from single-and multi-photonic transitions amongst the molecular energy levels [4, [7] [8] [9] [10] [11] [12] . These responses are ultrafast [sub-ps to fs] and generally the non-resonant nonlinear index coefficients are in the range of 10 −14 -10 −12 cm 2 /Watt; they have been exploited for ultrafast nonlinear optics such as stimulated scatterings, third harmonic generations, multiphoton absorptions, femtosecond laser pulse compression studies. . .etc.
Collective responses of liquid crystals such as crystalline axis rotation, order parameter modifications and thermal/density changes, flows and macroscopic material movement [2-6; 13-23] are characterized by much larger nonlinear index coefficients that could range over 13 decades from ∼ 10 −10 to 10 3 cm 2 /Watt, and slower response times on the order of 10's nanoseconds to milliseconds and longer. As a result of such nonlinearity and extreme sensitivities to external field, NLC have been a favorite material for incorporation in specialized micro-and nano-structure for tunable optical devices or switches [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] with low power threshold requirement. In this article, we will delve into a hitherto relatively unexplored physical property that is unique to transparent liquid crystals, namely, the ability to flow and a strong coupling between flow and crystalline axis rotation or lattice distortion under the action of an applied field. Specifically, we will focus on the so-called Maxwell Stress [1, 14] exerted by the electric field of an intense pulsed laser. We shall illustrate such nonlinear optical processes with two examples: (i) flow-reorientation in nematic liquid crystals (NLC) and (ii) flow induced lattice distortion in Blue-Phase liquid crystal (BPLC).
MAXWELL STRESS INDUCED FLOW-REORIENTATION NONLINEARITY IN NEMATIC LIQUID CRYSTALS
Maxwell Stress was first invoked by Eichler and Macdonald [14] to interpret flow-reorientation effect produced by an optical polarization grating in an aligned nematic liquid crystal. Figure 1 depicts schematically the experimental set-up. The liquid crystal is homeotropically aligned in the z-direction. Two obliquely-incident (at an angle β) coherent laser beams [derived from splitting a pump laser beam] with equal intensity and perpendicular polarizations intersect at a small wave mixing angle on the NLC, i.e., the optical electric field vector is given by [E(t)e ikty+ik l z , E(t)e −ikty+ik l z , 0] which imparts a polarization grating on the sample with a grating wave vector 2k t along the y-axis.
Since optical frequencies are in the 10 14 s −1 region, the Maxwell Stress at work here is the time- averaged force given by:
Under the action of the optical fields given above, it can be shown that we have the following components:
Here q t ≡ 2k t is the magnitude of the grating-vector, with a grating constant Λ = 2π/q t . The general equations describing the coupled flow-reorientation process are of the form [14] :
Here θ is the director axis reorientation angle, v x the velocity flow (in the x-direction), K the elastic constant; γ 1 , γ 2 and η are the viscosity coefficients. F x in Equation (3) is non-vanishing x-component of f E given in (2), which causes flow along the x-direction [v x , 0, 0]. Using (2) and considering only flow in the x-direction, we thus have the following coupled flow-reorientation equations:
Estimate of Optical Nonlinearity -Flat-Top Square Pulse
We shall estimate the magnitude of the nonlinear index coefficient associated with such laser induced reorientation by considering the case where the two coherent excitation beams are represented by a top-hat function, i.e.,
|E(t)E
Ignoring the surface anchoring at the cell boundaries (z = 0 and z = d), the solutions for the velocity v x and reorientation angle ϕ are therefore of the form: (6), we thus have:
This yields:
Substituting (10) into (5), we have:
The analytical solution to (11) during the laser pulse (0 < t < τ p ) yields:
Using the values for the following parameters: ρ 0 = 10 3 kg/m 3 , γ 1 = 0.01 kg/m·s, η = 0.02 kg/m·s, K = 10 −12 kg·m/s 2 , and grating period Λ = 20 µm (q t = 2π/Λ), the relaxation time τ d ∼ 0.1 s, and the rise time τ r ∼ 1 µs. Since τ r τ d , the reorientation angle can be simplified to
Furthermore, in the case where the laser pulse duration is much shorter than the rise time, i.e., τ p τ r
As a result of such director axis reorientation, an extraordinary wave (e.g., E 1 in Fig. 1 ) would experience an index change Δn given by:
Here n SS 2 is the steady state (for τ p τ r , τ d ) nonlinear index coefficient associated with the laser induced flow-reorientation process. Using the same set of values for the following parameters from: γ 1 = 0.01 kg/m·s, γ 2 = −1.09γ 1 , η = 0.02 kg/m·s, K = 10 −12 kg·m/s 2 , and grating period Λ = 20 µm (q t = 2π/Λ), and letting sin 2ϕ
is proportionally smaller, just as those effective nonlinearities [2] [3] [4] [5] [6] arising from other mechanisms [6] produced by laser pulse that is shorter than the response time.
Estimate of Optical Nonlinearity -Gaussian Pulse
For the typical case where the input laser pulse is a Gaussian in time, we can solve for the reorientation angle by first obtaining the impulse response of equation for a delta function input driving force, i.e., replace |E(t)E * (t)| with E 2 o δ(t). This yields an impulse response: The impulse response is then convoluted with the laser pulse:
e iωt where τ p is the pulse duration to give the temporal variation of the reorientation angle φ m (t) and the nonlinear index change Δn(t).
Using the parameters listed in Table 1 , some exemplary simulation results for the time-dependent laser induced reorientation angles and refractive index changes as a function of the input laser energies are shown in Figures 2(a) and 2(b) . In general, due to the fact that the relaxation time of director axis reorientation is very long compared to the pulse duration, the reorientation angle and the induced index change are maintained at their peak values for some time long after the pulse is over.
All-Optical Switching with Twist Alignment Cell
It is imperative to note at this juncture that Equation (19) for the reorientation is derived from an incident laser with a sinusoidal intensity grating profile with a grating constant Λ. In order to make comparison with actual experiments which invariably employ focused laser beams, when analytical or numerical calculation for the complex time dependent multi-dimension propagation is impossible or extremely complicated, one can gain useful insights and obtain reasonable qualitative estimate of the reorientation nonlinearity by replacing the grating factor in (19) by the laser spot diameter, i.e., replacing 1/(q t ) 2 = (Λ/2π) 2 by (2ω o ) 2 , where 2ω o is the focused laser spot diameter. The above considerations and approximation allow one to analyze the intensity dependent transmission of a laser pulse through a typical switching set-up involving a 90 • twist alignment NLC cell as shown in Figure 3 . In conventional electro-optic switches such as those used in LC display panels, the light originating from the back panel is polarized by the input polarizer, with its polarization parallel to the director axis at the input plane. The light intensity being weak, its polarization follows the rotation of the director axis in accordance to Mauguin's theorem, and emerges from the cell with its polarization vector parallel to the output polarizer, i.e., fully transmitted. Switching operation is performed by the AC signal field applied across the NLC cell windows that realigns the director axis to be eventually perpendicular to the cell windows, with the degree of switching-off depending on the field induced reorientation [3] .
In electrode-free optical activated transmission switching, the incident light changes or randomizes the director axis orientation by virtue of its intensity [2] [3] [4] [5] [6] [29] [30] [31] . In the present case, the Maxwell Stress from the focused laser beam causes radial flows-reorientation, cf. next section, that randomizes the otherwise well-ordered 90 • -twist alignment. This reduces the order parameter and therefore the effective birefringence Δn of NLC from a maximum value of n // − n o to 0; i.e., the polarization rotation function of the NLC cell is nullified, and the laser that emerges from the NLC cell with the polarization vector orthogonal to the output polarizer will be attenuated. A complete quantitative numerical simulation of the coupled laser induced reorientation, polarization rotation and propagation through the 90 • -twist alignment NLC cell is rather complex and is outside the scope of the present discussion. In the following simulations, we have adopted an approximation that the birefringence Δn due to such laser induced flow-reorientation process in a 90 • -twist alignment sample is represented by Δn = n 2 I(t) where n 2 is the effective refractive index coefficient calculated in the preceding section. The birefringence change is then included in the Modified Jones Matrix method [29] to calculate the time dependent transmission using the same set of NLC parameter values listed in Table 1 . Figures 4(a)-(b) show the instantaneous transmittance and the transmitted pulse shape, respectively, for different input laser energies. Below 200 µJ, there is no appreciable change in the transmission throughout the entire pulse; thus the transmitted laser pulse shape is similar to the input. At input laser energies above 200 µJ, the transmission begins to show obvious drop-off at later portion of the pulse. The onset of the transmission switching occurs sooner for higher input laser energies. Such transmission drop-off is reflected in the corresponding transmitted pulse shape in the form of 'switching off' for later portion of the pulse, with the onset of such switching occurring sooner for higher input energies, cf. Figure 4(b) . As reported previously [6, 30] , these simulations are borne out in experiments studies with sub-microseconds (λ = 750 nm) laser pulses. Figures 5(a) and 5(b) show exemplary transmitted laser pulse shapes for two different input laser energies, clearly showing the switching characteristics discussed above. The switching off of the laser pulse occurs earlier for higher input laser energy, similar to the simulated pulse shapes in Figure 4(b) .
These switching-offs of the later portion of the laser pulse is reflected in the transmittance defined as the transmitted laser energy vs. the input. To simulate the transmittance, the time dependent transmission data used in plotting Figure 4 (a) are integrated with the laser pulse shape in time to yield the transmitted laser energy. These results for the intensity dependent transmission are plotted in Figure 6 together with experimental observations for NLC cells of different thicknesses. The experimental results shows that the transmission appears to exhibit an initial switching to a lower (but still high) value at a threshold laser energy of ∼ 10 µJ (equivalent to a laser peak intensity value I ∼ 1.5 × 10 5 W/cm 2 with a laser spot diameter 2ω o ∼ 140 µm). We attribute this to some undetermined mechanism that is highly nonlinear but saturate at low input intensity and therefore does not cause further switching. A more dramatic switching is observed above input laser energy of 200 µJ corresponding to a peak intensity value I peak ∼ 3 × 10 6 W/cm 2 , with an overall dependence on the input energy similar to the simulated result, cf. Figure 6 . Despite these qualitative agreements, we need to qualify the findings by noting the fact that several rough approximations have been made in the theoretical simulations for the Maxwell Stress induced flow-reorientation on pulse propagation characteristics as well as in the estimates for various relaxations time constants ...etc. Therefore we do not and cannot expect quantitative agreements. Nevertheless, these theoretical considerations and experimental studies provide one with good insights into the working of Maxwell stress induced flowreorientation for all-optical switching applications. 
INTENSE LASER INDUCED LATTICE DISTORTION IN BPLC WITH NANOSECONDS AND PICOSECONDS LASERS
Recent studies have shown that another mesophase, namely, Blue-Phase Liquid Crystals (BPLC) present promising alternatives to NLC for electro-and nonlinear optics [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . In this unique class of optical materials formed by mixing a chiral compound and nematics, the molecules self-assemble (without cell-surface alignment) into tightly wound defect-spirals that form 3-D body-centered cubic or simple cubic lattices with sub-wavelength lattice constants, cf. Figure 7 . These blue-phase liquid crystals are therefore optically isotropic. Optical properties such as refractive index and responses of BPLC are generally independent of the laser polarization and direction of incidence, unlike birefringent NLC; yet their optical nonlinearities have been shown to be of comparable magnitude to those of nematics. Following the general discussion in previous sections, Maxwell Stress by the optical electric field of intense laser pulses will cause flows in transparent BPLC as well. Out studies [39, 43] shown that in general, focused pulsed laser of intensity over several MW/cm 2 is required to generate observable effects. In the case of a Gaussian laser beam with a radial intensity distribution of the form
ω 2 , the Maxwell stress from Equation (1) becomes:
The equations describing the resulting flow process thus become:
The magnitude of the Maxwell stress is plotted in Figure 8 , which depicts a volcano-shaped radial dependence with a peak at a radial distance of ∼ 0.7ω, and a minimum at the center. Because of Figure 8 . Plot of the radial dependence of the magnitude of the Maxwell stress associated with a Gaussian laser beam.
such radial dependence, flows will take place in all radial directions. A quantitative calculation of the Maxwell Stress induced flow and lattice distortion in BPLC, taking into account the 3-dimensional and time dependent flows and the resulting BPLC lattice distortion and director axis reorientation is rather complex and is outside the scope of this article. However, it is clear from the analysis and results in the preceding section that such radially varying Stress would create a corresponding radially varying lattice distortion and refractive index modulation. Consequently the transmitted laser beam would acquire a transverse phase modulation that results in beam focusing/defocusing and other distortion effects [2, 39, 43, [45] [46] [47] [48] [49] [50] . These phase modulation effects have been observed before [43] using nanosecond laser pulses and an experimental set-up shown in Figure 9 (a). In the case of a BPLC cell in which the laser induces a negative refractive index change [43] , such phase modulation gives rise to a defocused beam with greatly attenuated on-axis power, cf. Figure 9(b) . More recently, we have repeated the experiments with a picosecond pulse train [kilohertz repetition rate; individual pulse duration: 2 ps; pulse energy: 200 µJ; λ = 800 nm; focused laser diameter: ∼ 200 µm]. A shutter is used to chop out pulse train of 10 ms duration that acts as the pump beam while a CW low-power 532 nm laser is used to probe the refractive index profile. Similar to previous studies [39, 43] , the on axis probe beam power is observed to exhibit a fast/sharp drop to almost vanishing value, cf. photo of transmitted probe beam in Figure 9 (a), and recover in fraction of a second after the pump beam is over. The long relaxation time is typical of flows and director axis reorientation, although the exact underlying mechanisms(s) caused by such high intensity (> GW/cm
2 ) remain to be quantitatively ascertained in ongoing work. We emphasize again here that Maxwell Stress is only one of several nonlinear effects that could be generated by such intense pulsed lasers in transparent liquid crystals. As in most organic materials, although they are transparent in terms of single-photon transitions, the constituent molecules of BPLC do undergo two-or multi-photon absorptions due to the high intensities of the laser [6] [7] [8] [9] [10] [11] [12] . Nonradiative processes following photo-absorptions invariably result in significant thermal heating and deformation of the BPLC lattice to create large refractive index changes [35, 39] These thermal effects are clearly in play in our experiment; we have observed that upon longer exposure to the picosecond pulse trains, the transmitted beams all exhibit severe thermal blooming appearance in the transmitted beam, often culminating in the creation of visible bubbles in the liquid crystals. Clearly, more quantitative experimental and theoretical studies similar to those conducted on NLC are needed, and are currently underway in order to elucidate and quantify the dynamical roles played by Maxwell stress, multi-photon absorptions, heating, electrostriction and other possible index changing mechanisms in BPLC.
For some applications such as optical limiter for passive sensor protection [9] [10] [11] [51] [52] [53] [54] , it is actually an advantage that several mechanisms (besides Maxwell stress) can act in concert to affect the transmission of an intense laser pulse. An example is the nonlinear fiber imaging faceplate depicted in Figure 10 [9] [10] [11] , which if placed within an optical imaging system will fully transmits low level light from the viewed scenery, but causes high intensity unwanted light (lasers, welder's torch, direct sun light, . . .etc.) to self-attenuate efficiently due to these nonlinear optical mechanisms.
CONCLUSION
In this article devoted to a special issue commemorating 150 years of Maxwell equations, we have singled out Maxwell Stress induced flow-reorientation effect in transparent liquid crystals as a mechanism to produce laser intensity-dependent refractive index changes, and discuss some aspects of the resulting nonlinear phase modulation and propagation processes. Theoretical simulations and experimental studies have demonstrated that it is a viable mechanism for all-optical switching operations with response times in the sub-microseconds to nanoseconds regime. Since the process is largely independent of the laser frequency or material resonances, it applies to agile frequency laser over the entire visible to near infrared spectral region, albeit with much higher switching thresholds compared to other photoabsorption based mechanisms in liquid crystals.
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